Abstract -The chemistry of [3.3.3]cyclazines (pyrido- [2,l,6-de]quinolizines) is reviewed and an improved synthesis of these compounds is presented. It is shown that the cyclazine concept may be extended to higher bridged annulenes by incorporating two, independently linked, Internal nitrogen atoms.
INTRODUCTION
The name 'cyclazine' was originally proposed by Boekelheide (ref 1) in 1958 to denote "the general case of a conjugated unsaturated cycle held planar by three covalent bonds to an internal nitrogen atom". Such compounds, which clearly fall within the general category of bridged annulenes, are exemplified in formulae 1-4.
The names used here are based on our recent suggestions (ref 2) for modification of the originally proposed system of nomenclature:
(I) to facilitate pronunciation the three numerals, indicating the numbers of atoms in the annulene ring that lie between the points of attachment to the central nitrogen, are placed in front of the word cyclazine (rather than in the middle of it), and (ii) these numerals are listed in increasing (rather than decreasing) order so that their sequence starts at the same point and proceeds in the same direction as the IUPAC numbering sequence of the peripheral annulene cycle. The purpose of this lecture is to outline selected aspects of cyclazine chemistry with which my research group in the University of Edinburgh has been associated and to describe, in particular, some of the more recent developments in our work. [3.3.3 
]CYCLAZI N ES
Experimental studies related to a synthesis of [3.3.3] cyclazine were first described in 1954 by Boekelheide and Gall (ref 3) who referred to the compound as 'tricyclazine' at that time. Four subsequent reports by various authors (ref 4) described unsuccessful approaches to the compound but it was not until 15 years later that we had the good fortune to find a viable route.
With the benefit of hindsight, based on a knowledge of the high reactivity of [3.3.3] cyclazine, it is clear that the earlier approaches to its synthesis had little chance of success and that responsibility must further reaction with acetylenic esters in boiling nitrobenzene gave tetracyclic products 7 which could be hydrolysed and decarboxylated by conventional methods (Scheme 1).
The resulting cyclopenta[cd} [3. 3.3}-cyclazines were green air-stable compounds, judged to be aromatic on the basis of their 1H n.m.r. spectra (.ref 7) .
Reagents: a, DMAD,PhMe, heat; b, aq.HC1, heat; c, aq.NaOH; d, HCCE,PhN021heat
Recognition of this reaction as a formal cycloaddition of the acetylenic ester to a 4-methylene-4H-quinolizine moeity, followed by dehydrogenation, led naturally to a synthesis of [3.3. 3}cyclazines lacking the fused five-membered ring (ref 8) . The methylenequinolizines 9 required for this purpose were stabilised by an electron-withdrawing substituent on the exocyclic carbon atom and were obtained by reaction of 4-chloroquinolizinylium perchlorate 8 (ref 9) with the sodium derivatives of alkyl t-butyl malonates, followed by selective removal of the t-butoxycarbonyl group.
Reaction of 9 with alkyl propiolates proceeded smoothly, in boiling nitrobenzene, to give dialkyl [3.3.3] cyclazine-l,3-dicarboxylates, eglO (Scheme 2). orange-red 3a,6-dihydrocyclazine 14, which appeared to be the main initial product, was rather labile, being converted partially into the purple 3a,4-isomer 11 and partially into the fully unsaturated cyclazine 10 as the reaction proceeded. Efficient conversion of these dihydro-compounds into the cyclazine was possible neither with boiling nitrobenzene, which had been used successfully in our previous synthesis, nor with high potential quinones (eç DDQ, o-chloranil) since these reacted with the cyclazine product.
A number of other reagents were tried, unsuccessfully, but finally a smooth dehydrogenation was achieved with phenanthrene-9,-lO-quinone. This route to the cyclazine 10 shows a clear advantage over our previous route in giving an improved overall yield (50-60%) in essentially one operational step, no isolation of intermediates being necessary. Instead, we obtained the parent cyclazine, from its di-t-butoxycarbonyl derivative 15
by thermolysis in a sealed, evacuated tube.
Thereafter, because of its sensitivity to oxygen, the cyclazine was handled entirely under nitrogen. Since the LCAO coefficients for the NBMO of phenalenyl are non-zero only at the six equivalent a-positions, the charges in the two phenalenyl Ions and the spin-density in the radical are largely concentrated at these positions. The effect in the ions can be seen in their l n.m.r. spectra (Fig 2) , the a-protons (doublet) being less shielded in the cation and more shielded in the anion, relative to the s-protons (triplet). The same effect is seen in comparing the spectrum of the cyclazine dication with that of the neutral cyclazine.
The effect of replacing a carbon atom by nitrogen is to increase the positive charge by one unit and it is not surprising, therefore, that the spectrum of the cyclazine dication is shifted, as a whole, to higher frequency relative to that of the phenalenyl cation. The corresponding change from phenalenyl anion to neutral cyclazine results, however, in a shift of the spectrum to lower frequency. This apparently anomalous result may be explained in the following way: if the cyclazine were to retain the electron distribution of the phenalenyl anion, it would exist as a zwitterion; to avoid this energetically unfavourable charge separation, the non-bonding electrons of the cyclazine tend to reside largely in a lone-pair orbital, leaving a peripheral conjugated system containing 12 jr-electrons; this [l2]annulene perimeter sustains a paramagnetic ring current and the protons are unusually strongly shielded (Fig 3) . In the cyclazine radical-cation, the unpaired electron retains approximately the same distribution as in the phenalenyl radical (ref l6b) . The e.s.r. spectra of these two species (Fig 4) both show a large septet splitting (aaH) and a small quartet splitting (aBH), the hyperfine coupling constants being almost equal for the two species.
In addition, however, each line in the cyclazine radical-cation spectrum shows a small triplet splitting due to the nitrogen atom (ref l6a).
In view of the high n-electron density at the a-positions, it is to be expected that [3. 3.3}cyclazines will be stabilised by electron-withdrawing (EW) substituents or ring nitrogen atoms at those positions. In practice, it is found that at least two such substituents are required for stability to oxygen, and the success of our synthetic routes is dependent on the presence of EW groups which appear in the 1-and 3-positions of the cyclazine products. The azacyclazine was quaternised with tosylmethyl triflate and the resulting salt, 26 was allowed to react with DMAD in the presence of triethylamine.
This procedure (Scheme 7), which yielded the previously The 1-3C and -H n.m.r. data for PDP are shown in Fig 6 together with the data for some related compounds.
The low values of the 13C chemical shifts are seen to be typical of an electron-rich aromatic compound, matching particularly closely those in the pyrrolizine moelty of [2.2.3] cyclazine, and providing evidence of strong electron-release from the nitrogen atoms to the non-quaternary carbon atoms. In attempting to assess the diatropicity of PDP, it is necessary to examine the 1H chemical shifts and first to make allowance for the shielding effect of the nitrogen atoms.
Since each proton In PDP Is vicinal to a nitrogen atom, this shielding effect may be taken as roughly equal to the average shielding of a benzenoid proton by an ortha-amino-substltuent (1 e -0.7 p.p.m.).
we may thus estimate a 'corrected' 1H chemical shift for PDP of 7.9 + 0.7 = 8.6
p.p.m. which Is free from the effect of enhanced jr-electron density. Since the effect of ring current on 1H chemical shift increases with increasing ring size, we must then choose a reference compound with the same size of conjugated ring (Je a [l4]annulene derivative) which is as nearly planar as possible. This system was obtained as the 1,6-dimethyl and 2-acetyl-1,6-dimethyl derivatives 37 and 38 by reaction of the seif-quaternisation product 36 of 2-bromomethyl-6-methylpyridine with acetic anhydride in the presence of triethylamine (Scheme 8).
The reaction was based on the method of Krck and Krhnke (ref 27) for the synthesis of indolizines from N-benzyl-2-methylpyridinium salts, and gave a 14% yield of l,6-dimethyl-PDI, 37 as a brown solid, somewhat unstable in air but considerably less sensitive than [3.3.3] cyclazine.
Attempted electrophilic substitutions in this compound gave no products other than black, amorphous material. Although the molecule of PDI possesses a [l6}annulene perimeter, and is therefore potentially antiaromatic, it contains two potentially aromatic substructures in the form of indolizine nuclei. It is of interest, therefore, to compare the n.m.r. spectra of l,6-dimethyl-PDI with those of related indolizines (Fig 8) . We note first that there is no evidence, from the 13C spectra, that the carbon i-electron densities of 37 are increased relative to those of indolizine 
